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Echocardiographic assessment of artificial heart
valves: British Society of Echocardiography
position paper

John Chambers, Alan Fraser, Pat Lawford, Petros Nihoyannopoulos, Iain Simpson

More than 5000 artificial heart valves are
implanted each year in the United Kingdom.
About three quarters are mechanical' and
about two thirds are implanted in the aortic
position.

Echocardiography is universally used to
confirm normal function or to detect and
quantify dysfunction of the valve. Because of
shielding it is more difficult to study artificial
valves than native valves and the results are
harder to interpret because there is no clear-
cut distinction between normal and abnormal
function: all valves are stenotic compared
with normal native valves. In addition artifi-
cial valves (table 1) have different orifice char-
acteristics, downstream flow profiles, and
patterns of physiological regurgitation: experi-
ence gained with one type cannot necessarily
be applied to another.

There is no consensus to guide practice,
though the Food and Drug Administration in
the United States has sent a draft document
out for consultation. The aims of this BSE
position paper are to describe methods of
assessing normally functioning artificial heart
valves in terms of forward flow and regurgita-
tion and to discuss the diagnosis of abnormal
haemodynamic function. The detection of
vegetations and the complications of endo-
carditis is a separate subject and is not dis-
cussed here.
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Normally finctioning artificial heart
valve
Artificial valves and ventricular fimction are

usually assessed transthoracically. Additional
transoesophageal echocardiography is indi-
cated in a patient with an artificial valve
implanted in any position in whom endocardi-
tis is suspected or who has had a cerebral or

peripheral embolism and in whom the trans-
thoracic examination is apparently normal. It
is essential if dysfunction of a mitral prosthesis
is suspected despite an apparently normal or

equivocal transthoracic study. It is also useful
for the diagnosis of complications, including
atrial tamponade or myocardial infarction, in
the immediate postoperative period. Where
possible a multiplane probe should be avail-
able because this provides more comprehen-
sive imaging of the mitral sewing ring than
either a single probe or a biplane probe.

TIME OF TESTING
All valves should be evaluated early after
implantation before discharge or at the first
postoperative visit to establish a baseline for

future comparison. This is necessary because
of the wide variation in Doppler values for
valves of different design (table 1) and also for
valves of the same type and size. Dysfunction is
more easily diagnosed by a progressive deteri-
oration than by a single suspicious reading.
Post-bypass septal dysfunction, which may
take three or more months to resolve,2 is less
common now than previously and does not
interfere significantly with the interpretation
of a study.

Mechanical valves do not need further
routine assessment unless the possibility of
prosthetic malfunction is suggested.

Primary failure of porcine and pericardial
valves is usually reported from five years after
implantation.34 A small proportion of the now
withdrawn Ionescu-Shiley low-profile valves
failed within three years of implantation.
Because failure can progress rapidly it must be
detected early to allow closer follow up and
the planning of elective surgery. Therefore
biological valves should generally be assessed
every 12 months after the first five years in
patients aged over 35 years. If early failure is
detected, follow up should be every six
months. The failure rate may be accelerated in
patients aged less than 3556 and in those with
chronic renal failure.7 These patients may
need more frequent echocardiographic assess-
ment: this depends on the clinical findings.

Unstented homografts and autografts fail at
a lower cumulative frequency and more slowly
than xenografts.8 They need an annual exami-
nation beyond 10 years after implantation or
as indicated by the clinical findings.

AORTIC VALVE
Imaging
The general type of artifical valve should first
be established: unstented biological, stented
biological, tilting disc, bi-leaflet mechanical,
or caged ball (fig 1 and table 1). The appear-
ance and pattern of motion of the cusp or
occluder should be noted. The cusps of a bio-
logical valve are often seen best in the apical
long axis view when the shielding from the
ultrasound beam caused by the sewing ring
and stents is minimised. The cusps should be
thin and should move through an arc of about
900. The thickness of the cuspal echoes varies
with gain and pulse length: the reported mean
(SD) is 0 9 (0.1) mm.9 The disc of a tilting
disc valve and the leaflets of a bi-leaflet pros-
thesis should open quickly, in about 20 ms"1011
These valves usually show low frequency
vibration of the leaflets on M mode echocar-
diography. The ball echo of a caged ball valve
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Table 1 Types and models
of artificial heart valves
used clinically (1978-1993)

Biological
Homografts:
Human aortic valves:
Frame mounted
Unmounted

Autografts:
Pulmonary valves

Xenografts:
Porcine:
Frame mounted:

Angell-Shiley*
Biocor*
Bioimplant
Carpentier-Edwards

Standard
(6625/2625)

Supraannular
Hancock
Type I (242/342)
Type II
Modified orifice

Intact
Tissue Med
Wessex Medical*

Stentless:
Edwards Prima
Ross Stentless

Pericardial:
Carpentier Edwards
Hancock
(T405/T410)*

Ionescu Shiley:
Standard*
Low profile*

Mitroflow
Pericarbon

Mechanical
Caged ball:

Starr-Edwards:
1200/1260
6120
6400/2400*

Magovem-Cromie*

Caged disc:
Beall*
Kay-Shiley*

Tilting disc:
AorTech
Bjork-Shiley

Delrin Disc*
Spherical Disc*
Convexo-Concave

600*
700*

Monostrutt
Lillehei-Kaster*
Medtronic-Hall
Omnicarbon
Omniscience

Bi-leaflet:
Allcarbon
ATS open pivot
Bicarbon
Carbocas4
CarboMedics
Duromedics§
St Jude Medical
Jyros

*Withdrawn from sale.
tNow marketed by Sorin as
Monostrut.
iReplaced by Allcarbon in
UK.
§Withdrawn 1988, modified
version undergoing clinical
trials.

recorded on M mode makes contact with the
echo from the tip of the cage and there is
often an irregular bouncing motion of the ball
during systole. Rocking of the valve is a sign
of dehiscence and is seldom seen in a normal
valve.

Colourflow mapping
Colour mapping is not usually helpful for
assessing forward flow in aortic valves, but is
necessary for detecting, localising, and esti-
mating the severity of regurgitation. All win-
dows should be used but the site of the jets is
usually most easily seen in the parasternal
short axis view.
Normal xenografts rarely leak unless they

have been implanted for more than 48
months.'2 13 None the less, there are reports of
minor regurgitation in valves implanted for
less than 2 years.'4 Similarly, normal homo-
grafts rarely leak until early primary failure
develops. In contrast, minor regurgitation is
the rule in autografts even immediately after
implantation. Mechanical valves commonly
have two phases of normal regurgitation-a
closing volume as the occluder shuts and true
leakage around the closed occluder (fig 2).
Single tilting disc valves have two tails of
regurgitation, one from each side of the disc.
These are usually larger in Medtronic-Hall
than Bj6rk-Shiley valves. In Starr-Edwards
valves the jet is smaller and the pattern of
regurgitation is variable. There may be one or
more individual jets or there may be diffuse
leakage around the ball. Little regurgitation is
seen for the St Jude bi-leaflet valve. The
CarboMedics prosthesis has a different type
of regurgitation. It consists of washing jets on
either side of each pivotal point. These last
throughout diastole and their eccentric posi-
tion makes them particularly easy to mistake
for paraprosthetic leakage.'5 Up to four indi-
vidual jets can usually be distinguished.

Transoesophageal examination shows nor-
mal transprosthetic regurgitation in almost all
mechanical valves. Both closing volume and
true leakage can be detected. Minor regurgita-
tion is also common in newly implanted aortic
prostheses.'4 16 The identification and mea-
surement of transprosthetic and parapros-
thetic regurgitation are discussed below.

Spectral Doppler
Continuous wave recordings should always be
made from the apex and either the right inter-
costal space or suprasternal notch. If signals
from these positions are not adequate the sub-
costal approach should also be used. In gen-
eral a stand-alone probe is more sensitive than
a steerable continuous wave probe.

Pulsed Doppler recordings should be made in
the apical five chamber or apical long axis
view and colour flow mapping may be useful
for positioning the cursor in line with blood
flow. The sample volume should be at mini-
mum length and placed just below the start of
flow acceleration, usually at 0 5 cm to 1 cm
below the level of the annulus.

Velocity-Peak velocity should be averaged
over 3-5 consecutive beats if the patient is in

sinus rhythm or over 5-10 beats if in atrial fib-
rillation. It should be measured at the top of
the dense part only of waveforms with a well
defined peak. Homografts have peak velocities
similar to those of a normal native valve.'8
Porcine xenografts give substantially raised
values with velocities of 2-4 m/s. '37 Even
higher values are seen in caged ball valves,
with peak velocities of 3-4 m/s. 18-20 Single
tilting disc valves commonly give velocities of
3 m/S.2l 22 Bi-leaflet mechanical valves are less
obstructive, with values around 2-0 m/s except
for the 19 mm annulus where the peak velocity
for both CarboMedics and St Jude Medical
unmodified valves can reach 4 0 m/s.'523 Two
major cautions apply to the interpretation of
peak velocities of valves of all types. Firstly,
peak velocity may be unrepresentative of valve
function. It is common to find high instanta-
neous peak velocities in early systole particu-
larly if cardiac output is high. These may be
caused partly by non-uniform flow profiles.
These velocities are not, however, sustained as
in aortic stenosis and if used alone would lead
to overdiagnosis of obstruction. Mean veloc-
ity, therefore, should also be measured. It can
be calculated by planimetry of the waveform
with online software and is usually between
half and two thirds of the peak velocity.
Secondly, velocities are highly dependent on
cardiac output and cannot be interpreted in
isolation. A peak instantaneous velocity of 3 0
m/s could be found in a normal valve at high
flows (for example, in the presence of
anaemia) or in a significantly obstructed valve
at low flows. Thus if the initial examination
shows impaired left ventricular systolic func-
tion or a surprisingly high peak velocity, flow
correction must be performed by either the
continuity equation or the velocity ratio (see
below).

Pressure drop
Estimation of pressure drop (gradient) (AP)
from the transaortic velocity (v2) using the
modified Bernoulli equation should not be
used routinely.

AP = 4V22 (1)
This overestimates the pressure drop that
would be found at cardiac catheterisation and
may lead to overdiagnosis of obstruction.2425
The overestimation occurs for two reasons.
First, Doppler derived velocities reflect the
true instantaneous pressure difference bet-
ween left ventricle and the aorta immediately
above the valve. At pullback with a cardiac
catheter the difference between non-
simultaneous peak pressures is measured
between the left ventricle and a point down-
stream from the valve. The pullback gradient
is always less than the peak instantaneous
gradient. Secondly, the modified equation
neglects subaortic velocity (vi), which is
proportionately more important in normal
artificial valves than in aortic stenosis. If a
guide to pressure drop is required it should
be calculated from the formula:

AP = 4(v22 - V12) (2)
For a valve where the subaortic velocity is 1-0
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m/s and the transaortic velocity 2-0 m/s the
estimated pressure drop is 12 mm Hg with
equation 2 compared with 16 mm Hg with
equation 1.

Effective orifice area by the continuity equation
This equation should be used if the left ventri-
cle is significantly impaired or if the peak
transaortic velocity is high (say > 3-0 m/s) and
it is not certain whether this is because of rela-
tive obstruction or high flow.

EOA = CSA x VTI,/VTI2 (3)

Where EOA is the effective orifice area, VTI,
is the subaortic velocity integral, and VTI, is
the transaortic velocity integral.
The use of the product of CSA and VTI,

has been validated for artificial heart valves.26
The continuity equation can be simplified by
assuming similar waveform shape above and
below the valve:

EOA = CSA x vj/v2 (4)

where v, is the subaortic peak velocity and v2 is
the aortic velocity. This form of the equation is
simpler to apply and is in general use but tends
to underestimate at orifice areas above 1-0

2 27cm . CSA is calculated from the left ventricu-
lar outflow tract diameter (d) assuming a cir-
cular cross section:

CSA = -d2/4 (5)

The diameter of the left ventricular outflow
tract should be averaged from three paraster-
nal long axis frames frozen in early systole.
Care must be taken to open out this region
until the dimension looks maximal. The mea-
surement should be made from the leading
edge of the left septal echo to the leading edge
of the anterior mitral leaflet echo.28 The mea-
surement should not be made if there is severe
left ventricular hypertrophy or bowing of the
anterior mitral leaflet. It should be performed
with a coexistent mitral prosthesis only if the
blooming from the sewing ring of the mitral
valve is trivial.
The continuity equation is limited by its

wide confidence intervals (CI). For normally
functioning bi-leaflet valves the difference
between measured and calculated orifice area
has a 95% CI of around -05 to +05cm2.29
with errors arising mainly in the measurement
of subaortic diameter and subaortic velocity.
In practice, the effective area has to be
regarded as a semiquantitative guide rather
than as a precise measure of function.

Velocity ratio
The ratio of peak subaortic to peak transaortic
velocity gives an approximate guide to orifice
behaviour. It is equivalent to a performance
index (the ratio of effective orifice area to total
valve area). It is useful for serial measurements
in the same individual where the diameter of
the left ventricular outflow tract can be
assumed to be constant. It can also be applied
in an isolated study if the diameter of the left
ventricular outflow tract is difficult to mea-
sure. Its accuracy for the detection of dysfunc-
tion in this situation will be low.23

MITRAL VALVE
Imaging
The type of valve is more easily identified in
the mitral position than in the aortic position
because the stents, occluder, and cage pro-
trude into the left ventricular cavity where
they are imaged easily.
The cuspal echoes from porcine xenografts

should be thin. The mean (SD) thickness in
one study was 1 2 (O*1) mm.9 Each of the
three cusps may open at different rates and to
different degrees and at a low cardiac output
it is not unusual for one cusp to stay closed
throughout diastole. A tilting disc valve
should open and close quickly giving a sharp
initial E point with only a small early diastolic
hump on the M mode recording. The ball of a
caged ball prosthesis may appear to move into
the left atrium in systole. This occurs as a
result of reverberation artefact and, if the ball is
Silastic, of the slow conduction of sound
through the ball. An M mode scan through
the longitudinal axis of the cage shows that
the ball makes contact with the tip of the cage
during diastole. The leaflets of a bi-leaflet
mechanical prosthesis can be imaged most
easily from the apical approach and should
open and close quickly in unison. It is com-
mon to see mobile strands up to 15 mm in
length attached to the pivot or occasionally to
the sewing ring of a St Jude prosthesis on
transoesophageal echocardiography.30 31 These
seem to have no pathological significance.

Rocking of a mitral valve should be noted
but it may be normal. It can occur when the
valve is sewn onto a partially or fully retained
posterior leaflet. Abnormal rocking is shown
by a gap opening up at the point of maximum
amplitude of valve motion during systole and
by its association with a regurgitant jet. A pis-
ton-like motion may be seen in normal valves
and is generally caused by the presence of a
diaphragm of tissue around the prosthesis.

Colourflow mapping
In a normal biological prosthesis or the St
Jude Medical or CarboMedics bi-leaflet
mechanical prostheses the colour map fills the
whole width of the orifice in all views. For a
tilting disc valve, there is usually a major and
minor tail and in the Duromedics bi-leaflet
valve there are three jets. A caged ball valve
has two jets curving around the ball that meet
centrally above the cage.
To detect regurgitation the left atrium must

be imaged from all standard views and also
from any off-axis view that reduces shielding
by the occluder and sewing ring. Normal
transvalvar mitral regurgitation is rarely seen
transthoracically except when the left atrium
is large. Evanescent puffs of regurgitation may
be found in designs, such as the Medtronic-
Hall tilting disc valve, in which the closing
volumes are relatively large.
On transoesophageal examination normal

transprosthetic regurgitation can be found in
almost all mechanical valves. Minor regurgita-
tion was also seen by Mohr-Kahaly in most
mitral bioprostheses even when newly
implanted'4 though others reported a lower

Figure 1 Types of
artificial heart valve

Xenograft (Standard
Carpentier-Edwards)

Caged ball (Starr-
Edwards, model 260)

Single tilting disc (Bjork-
Shiley, Monostrut)

Bi-leaflet mechanical
(CarboMedics)

5-\

E-5

=

Figure 2 Physiological
regurgitation through a
mechanical heart valve
prosthesis. A, closing
volume; B, true leakage.
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incidence (25%).16 These jets are usually short
and narrow.14 2-35 They are less than 2 5 cm
long in caged ball valves; about 3-4 cm long
in Bj6rk-Shiley, St Jude, and CarboMedics
valves; and up to 5 cm long in Medtronic Hall
valves. Most jets are about 1 cm wide. Their
site and number depend on the valve design.
In the Bjork-Shiley prosthesis there are two
jets, and in the Medtronic-Hall there are two
peripheral jets and one central jet.34 The St
Jude has two or three, the CarboMedics valve
has two jets from each pivotal point, and the
Starr-Edwards has one central jet early in the
cycle.3637 These jets are often visually impres-
sive and must not be mistaken for significant

Figure 3 Normal and pathological mitral regurgitation on transoesophageal
echocardiography. (A) A Bjork-Shiley prosthesis with two jets oflow momentum normal
transprosthetic regurgitation. (B) A broaderjet in a paraprosthetic position.

paraprosthetic regurgitation. Because of their
lower momentum they are usually more
homogeneous in colour than paraprosthetic
jets (fig 3).

Spectral Doppler
Continuous wave recordings of transmitral
flow should be made from the apex. They
may also be obtained if necessary from the
parasternal position.

Velocity-Peak velocity should be averaged
over 3-5 consecutive beats if the patient is in
sinus rhythm or over 5-10 beats in atrial fib-
rillation. Mean velocity should also be calcu-
lated by planimetry of the waveform using
online software.

Pressure drop-The mean pressure drop
does not need to be calculated routinely. If an
approximation to catheter derived informa-
tion is required, the mean pressure drop can
be obtained using online software by planime-
try of the waveforms.

Pressure half time-Pressure half time
should be averaged over five beats with cycle
lengths equivalent to instantaneous heart rates
of 60-90 beats per min. The online software
can be used if the waveform has a linear decel-
eration, otherwise the measurement should be
made manually.'8 Pressure half time is deter-
mined by several factors in addition to orifice
area. These include atrial and ventricular
compliance, stroke volume, and the square
root of the transmitral pressure drop at the
start of diastole.9 In normal mitral valves
pressure half time is mainly determined by
non-prosthetic factors and is not closely
related to annulus diameter or orifice area.
However, bi-leaflet mechanical valves tend to
have pressure half times approaching those of a
normal native valve whereas the more
obstructive valves such as the porcine biologi-
cal valve or the caged ball valves frequently
have times > 100 ms (table 2). Pressure half
times of < 200 ms are usually normal. The
Hatle formula for orifice area should not be
applied to normally functioning artificial heart
valves. If an estimate of orifice area is required
for research purposes the continuity equation
can be used. Stroke volume calculated either
at the aortic or pulmonary valve should be
divided by the mean area under the transmi-
tral signal measured by planimetry.

Pulmonary artery systolic pressure-This
should be estimated, where possible, in every
case. Colour mapping helps with the orienta-
tion of the continuous wave beam and if nec-
essary contrast enhancement should be used.
The pressure difference between the right
ventricle and right atrium should be estimated
from the highest peak velocity obtained using
the modified Bernoulli equation. To this
should be added an estimate of right atrial
pressure made from the behaviour of the infe-
rior vena cava imaged from the subcostal posi-
tion (table 3).40
TRICUSPID VALVE
Imaging and colourflow mapping
The appearance and movement of the valve
are broadly the same as for the mitral valve,
but it is often hard to image a tricuspid valve
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Table 2 Guideline thresholds for abnormal mitral
pressure half time (upper 95% CI of normal)

Valve Study Threshold pressure
design (reference) n halftime (ms)

Native 38 20 55
42 15 65

StJude 55 13 94
56 27 131

CarboMedics 57 75 117
Bjork-Shiley 58 56 149

59 31 112
42 29 110
20 46 139

Medtronic-Hall 59 13 103
Ionescu-Shiley 60 13 139
Carpentier- 13 38 135
Edwards 61 29 171

58 78 176
56 35 142

Starr-Edwards 58 30 206
56 31 170
20 118 147

Table 3 Estimation of right atrial pressure from the
inferior vena cava

IVC dimension Contraction in inspiration RA pressure
(cm) (%) (mm Hg)
< 2-0 > 50 5-10
> 2-0 25-50 15
> 20 <25 20

This is an approximate guide to right atrial pressures based on
published research.40 Further validation is required. RA, right
atrial; IVC, inferior vena cava.

Table 4 Normal range
(mean (SD)) for effectis
aortic area based on the
continuity equation .

Valve type
and
annulus Effective
diameter area
(mm) (cm2)

St Jude23
21 1-3(0-2)
23 1-3(0-3
25 1-8(0-4)
27 24(06)
29 27(03)

CarboMedics48
21 1-6(0-3)
23 1-7(0-3)
25 20(04)
27 24(04)
29 26(03)

Medtronic Intact62
21 1-0(0-1)
23 1-2(0-1)
25 1-4(0-2)
27 1-6(0-2)

Carpentier Edwards58
21 1 2(0 2)
23 1-1(0-2)
25 1 2(0 3)
27 1-3(0-3)
29 1-4(0-1)

Bjork Shiley'8
21 1-1(0-3)
23 1-3(0 3)
25 1-4(0-4)
27 1-6(0-3)

Starr-Edwards20
21 1-3(0-2)
23 1-1(0-2)
24 1-1(0-3
26 1-5(0-3)
27

Homograft8
21 2-1(1-3)
22 20(06)
24 1-6(0-6)
26 2-4(0-7
27 2-6(1-0)

and the patient may need to be positioned fur-
ther on the left than usual. The width of the

s colour flow profile gives a guide to valve func-
ve tion.

The following indirect signs of valve func-
tion should be assessed: the size of the right
atrium, the size and behaviour of the right
ventricle, and the effect of respiration on the
size of the inferior vena cava.n

Spectral Doppler
14 Continuous wave recordings of transtricuspid16
14 flow should be made from the apex and if nec-
6 essary from the parasternal position.

Sometimes a clearer signal is obtained with
13 pulsed Doppler.
23 Transtricuspid velocities are lower than
12 transmitral velocities and the peak velocity
4 should usually be below 1-5 m/s, Most workers
6 quote pressure half times longer than for a
8 similar valve in the mitral position.4' In fact,

11 pressure half time on the right varies substan-
tially more with respiration than on the left

7 and may be misleading in a normal tricuspid
30 valve. There are few data to guide practice,
13 but there is no reason to expect the Hatle for-
3 mula to be valid in normal tricuspid valves.
6 Flow in the hepatic vein and superior vena

16 cava should be measured if high right-sided22
12 pressures or tricuspid valve dysfunction are

suspected (see below).
2
10
6

24

2
6
3
6
3

PULMONARY VALVE/CONDUIT
The pulmonary valve should be imaged from
the far left lateral position, if necessary in
forced expiration, and also from the subcostal
approach. Continuous wave recordings
should be made from these same positions.
Peak instantaneous velocities of around 2-0
m/s are usual in pulmonary prostheses.

Indirect signs of the function of a right-
sided valve should be assessed, in particular
the variation in the diameter of the inferior
vena cava with respiration.

Diagnosis of abnormality
It is not possible to define reliable normal
ranges for artificial valve function. There is
overlap between the measurements obtained
with different designs, between different
annulus diameters of the same design, and
occasionally between normal and abnormal
valves. Importantly, transvalvar velocities
depend on cardiac output. Figures derived
from Doppler recordings must be balanced
with information obtained on imaging and
colour flow mapping and also from the clini-
cal examination. Though Doppler echocar-
diography may produce precise results for an
individual valve, the interpretation of these
results is open to judgement. The goal of the
initial assessment is to classify the valve as def-
initely normal, definitely abnormal, or equivo-
cal. The next step is to refine the assessment
of dysfunction as mild, moderate, or severe.
These are broad categories for which the qual-
itative information obtained from imaging
may be as useful as the numerical data
obtained from Doppler echocardiography.

Because of the variability of behaviour
between valves, dysfunction may often be sug-
gested more easily by a change in results than
by a single reading. When the results are
equivocal the studies should be repeated after a
clinically appropriate interval.

AORTIC VALVE
Obstruction
In xenografts both true thickening and a partial
tear can cause thickening of the cuspal echo.
Generalised thickening and reduced motion,
however, are strongly suggestive of obstruc-
tion. A cusp thickness greater than 3 mm is
abnormal43 44 and predicts severe failure
caused by either obstruction or regurgitation.
When a tilting disc is obstructed the initial
part of the systolic disc echo appears rounded
and in severe cases there may be no systolic
disc echo.45

Velocities are highly flow dependent, but in
general, a peak velocity above 4 0 m/s or
mean velocity above 3 0 m/s should be
regarded as suggestive of obstruction for a
xenograft, tilting disc, or caged ball valve or
for a small (19 mm or 21 mm) bi-leaflet
mechanical valve. If the acceleration phase is
slow (or if the mean velocity is much more
than one half the peak velocity) this also sug-
gests obstruction. An increase in velocity by
say 50% from previous values in the same
patient is also suspicious; but in these circum-
stances flow correction should also be applied
either with the continuity equation or, if pre-
vious data exists for the same patient, using
the velocity ratio.

Effective area calculated from the continu-
ity equation may be a better guide to the pres-
ence of obstruction; but the method is not
precise. An area of 1I0 cm2 has been suggested
as a threshold for abnormality.46 Orifice areas

n=numberof-valves studied.
n = number ofvalves studied.
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between 0 75 cm2 and 1.0 cm2 are commonly
found' in patients with caged ball valves,
porcine bioprostheses, or small tilting disc or

bi-leaflet mechanical valves. Table 4 shows
the published normal values for effective area.

In practice, effective orifice areas of less than
1.0 cm2 should excite suspicion but in a

patient without symptoms they may some-

times be normal. If doubt remains the mea-

surement should be repeated after a clinically
appropriate interval.
A velocity ratio of < 02 is highly sug-

gestive of obstruction and a ratio of > 0 3
suggests normal function. Values between
these figures are equivocal."47

Regurgitation
Pathological regurgitation may be either para-

prosthetic or transprosthetic. Transprosthetic
regurgitation is most common in biological
valves. Tears in bioprostheses tend to start at
the free edge of a cusp 2 to 3 mm from the
commissural attachment. Endocarditis may
lead to tearing of the cusp or perforations in
the leaflet tissue.48 These degenerative
changes may be accompanied by abnormali-
ties of cusp motion on echocardiography. A
cusp is described as flail if it moves through an

arc of 1800; this abnormality is associated
with tears at the margin of the cusp.49 A par-

tially flail cusp occurs when only a limited
portion of a cusp is torn. Cusp prolapse pro-
duces movement behind the plane of the
sewing ring and this is seen when there are

longitudinal tears at the ring or perforations of
the CUSp.49

Transprosthetic regurgitation in xenografts
is rare on transthoracic examination within 4
years of implantation and suggests early pri-
mary failure." Trivial regurgitation is, how-
ever, commonly seen on transoesophageal
examination.'4 Unstented homografts tend to
thicken like native valves and though mild
regurgitation may be a sign of early primary

'-F

Figure 4 Paraprosthetic aortic regurgitation in a patient with endocarditis.

failure, overt failure usually develops slowly.
With autografts a small central leak is com-
mon immediately after surgery.
Abnormal transprosthetic regurgitation also

occurs through mechanical valves when there
is ball variance or when thrombus, vegetation,
or pannus prevent complete closure of the
occluder. Such regurgitation may be distin-
guishable from normal by greater jet size, but
there is no clear division between normal and
abnormal.

Colour flow mapping shows paraprosthetic
regurgitation as a turbulent jet with its base out-
side the sewing ring and often associated with a
stream of colour around the outer edge of the
sewing ring (fig 4). The position of the dehis-
cence is often best shown in a parasternal short
axis view. The extent of the colour map around
the sewing ring gives an approximate measu4re
of the severity of regurgitation but tends to
underestimate it. Rocking of an aortic prosthesis
almost never occurs in the absence of a dehis-
cence and suggests that around 40% of the
sewing ring is affected.50 The width of the jet on
colour flow mapping may not be as useful a
measure of severity as in native regurgitation
because the paraprosthetic jet is often eccentric.
Because it passes obliquely across the left ven-
tricular outflow tract it may be difficult to com-
pare with the left ventricular outflow tract
height as a standard. The shape of the continu-
ous wave signal, the degree of diastolic flow
reversal at the arch, and the state of the left ven-
tricle can be used to assess the severity of pros-
thetic and native aortic regurgitation.

MITRAL VALVE
Obstruction
Signs strongly suggesting obstruction are
thickening of the cusps of a bioprosthesis
beyond 3 mm with an associated reduction in
mobility. For a mechanical valve, obstruction
is suggested by reduction of disc motion or
ball excursion, though these may also occur if
cardiac output is low. The ball of a caged ball
valve may fail to contact the tip of the cage if
thrombus is present. Occasionally, failure to
open may be intermittent.
The colour flow map is useful despite its

limited lateral resolution. Obstruction of the
valve can narrow the map at the level of the
orifice.4751 The map tends to diverge quickly
downstream from the orifice so that width
must be analysed extremely carefully. An
eccentric left ventricular inflow map is a nor-
mal finding in single tilting disc valves but sug-
gests obstruction in valves, such as the
Carpentier-Edwards porcine bioprosthesis,
that normally have central flow.

Pressure half time is closely related to non-
prosthetic factors in normal mitral prostheses,
so small changes in pressure half time are
unlikely to reflect changes in orifice area.
Prosthetic obstruction, however, considerably
prolongs the pressure half time and this may
be a useful corroborative sign, especially when
image quality is poor. A pressure half time of
longer than 200 ms is unusual in a normal
valve particularly if the peak velocity is above
2-5 mls.
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Associated signs of obstruction are a small
left ventricle that is slow to fill, paradoxical
motion of the septum, and a high estimated
pulmonary artery systolic pressure. Because
these may also be signs of residual right-sided
abnormalities they must always be interpreted
in the clinical context.

Regurgitation
Because shielding is rarely severe in biological
valves transprosthetic regurgitation can
usually be detected on transthoracic colour
mapping. There may also be associated
abnormalities of cuspal motion: flail cusp,
partial flail cusp, or cusp prolapse. The size of
the jet may, however, be significantly underes-
timated. Transprosthetic regurgitation is rare
in mechanical prostheses, but is occasionally
seen when an occluder is held open by throm-
bus or vegetations. Because it is far more easily
detected transoesophageally such a study is
essential when transprosthetic regurgitation is
suspected.
On colour flow mapping paraprosthetic

regurgitation appears as a region of flow con-
vergence above the sewing ring, a region of
flow around the sewing ring, and a jet within
the left atrium (fig 3B). Flow convergence
appears in the left ventricle and when the
transthoracic approach is used it is not signifi-
cantly obscured by shielding. For this reason
it can be imaged in most cases, even when the
interatrial jet is eccentric.52 With careful angu-
lation of the probe most of the peripheral
parts of the left atrium can be imaged particu-
larly in patients with large left atria or with
biological valves. Significant jets usually
extend well beyond the region of flow shield-
ing and tend to be attracted towards the walls
of the left atrium by the forces responsible for
flow recruitment.53
The jet can usually be localised fairly pre-

cisely in the parastemal short axis view. Some
jets may be missed54 so it is vital that trans-
oesophageal echocardiography is performed if
clinical doubt remains after a normal trans-
thoracic study.

It is important to be aware how large
normal transprosthetic jets can appear on
transoesophageal images. Significant para-
prosthetic jets are usually distinguished from
normal jets because they are broader, longer,
contain more colour aliasing, and have their
origin outside the sewing ring (fig 3). They
may also be longer in duration, but not invari-
ably. Small paraprosthetic jets are frequently
seen on biplane or multiplane imaging and
these can only be distinguished reliably from a
transprosthetic jet by their base being outside
the sewing ring.

Because paraprosthetic jets are common
they cannot automatically be assumed to be
the cause of symptoms unless they are severe.
Unfortunately, it is difficult to quantify regur-
gitation. The extent of the dehiscence on
transthoracic colour flow mapping gives an
approximate assessment and this can be sup-
plemented, as in native mitral regurgitation,
by examining the density of the jeoiicontinu-
ous wave Doppler. Because of flow shielding

the area of the jet within the left atrium is a
poor guide to severity. On transoesophageal
echocardiography a jet that is broader than
1 cm at its base and extends to the back of the
left atrium suggests severe regurgitation.
Reduced forward flow in the pulmonary veins
or flow reversal during systole is further evi-
dence of severe regurgitation. There are also
indirect clues from the degree of volume load-
ing of the left ventricle or the pulmonary
artery systolic pressure or the clinical
examination.

TRICUSPID VALVE
Obstruction
As with the mitral valve, reduced movement
of the cusp or occluder and a narrow colour
map in diastole suggest obstruction; but these
are difficult to demonstrate. Indirect signs
may often be more helpful. A dilated right
atrium and failure of the inferior vena cava to
collapse in inspiration are non-specific signs
of a high right atrial pressure, but when the
right ventricle is small they suggest obstruc-
tion.
The pressure half time may be difficult to

measure because it varies greatly with the res-
piratory cycle. However, a peak transtricuspid
velocity > 1-5 m/s in the absence of severe
regurgitation suggests obstruction.

Regurgitation
Because the jet area is directly related to dri-
ving pressure its estimation must take account
of the fact that pressures are usually lower on
the right than on the left. Significant tricuspid
regurgitation reduces systolic forward flow in
the superior vena cava or hepatic vein, and
with severe regurgitation systolic flow may be
reversed. The inferior vena cava becomes
engorged (diameter >2-0 cm) and it contracts
by <50% during inspiration. If there is torren-
tial tricuspid regurgitation, the inferior vena
cava expands only in systole and not in rela-
tion to the respiratory cycle.

PULMONARY VALVE/CONDUIT
Obstruction
Though it may be possible to show thickened
and immobile cuspal echoes, these are fre-
quently obscured by the sewing ring. A peak
velocity of > 3-0 m/s on continuous wave
Doppler suggests the presence of obstruction.
There may be right ventricular hypertrophy.
Indirect signs of high right-sided pressures,
such as engorgement of the inferior vena cava
and reduced systolic flow in the superior vena
cava or hepatic veins, are also helpful, particu-
larly for assessing a valved conduit.

Regurgitation
Regurgitation is easily detected by colour
mapping. Its severity is directly related to
the width of the colour jet. The density and
deceleration slope of the continuous wave sig-
nal and the degree of right ventricular dias-
tolic-dilatmion also give- an indication of its
severity.
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